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Abstract
In recent decades, metallic nanostructures have been extensively studied for a
variety of applications due to the ability to support surface plasmons. These excitations, which consist of collective resonant oscillations of the conduction electrons,
couple strongly to visible light, confining it into subwavelength volumes. In the first
part of this work, we study the optical response of metallic nanostructures supported
by metallic substrates. We demonstrate that these systems support a charge transfer plasmon mode, whose frequency is primarily determined by the geometry of the
contact area between the nanoparticle and the substrate. In the following part, we
exploit this knowledge to explain the optical properties of daguerreotypes, the first
successful photographic technology. In the last part of this thesis, we demonstrate
that, thanks to their plasmons, titanium nitride nanoparticles can act as efficient
photocatalysts outperforming conventional plasmonic materials.
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Chapter 1
Introduction
1.1

Introduction to Surface Plasmons

Since the beginning of human history, people have had a particular interest in
understanding the behavior of light. With each new discovery, our understanding
of how light interacts with the world around us has changed significantly, allowing
for the development of technologies that have greatly impacted the way we live.
Early observations led to a description of light as being a collection of rays. It was
found that these rays interact with objects in predictable ways depending on the
material of the object and the angle of incidence. This understanding contributed to
numerous advancements such as lenses and mirrors, which were eventually combined
to design more complex optical systems, thus enabling the development of fields
ranging from optical microscopy to astronomy. As our experimental and theoretical
capabilities improved over time, so did our understanding of the nature of light. More
than a century ago, early diffraction experiments demonstrated the wave nature of
light. This eventually allowed for a mathematical description of its behavior in terms
of the famous Maxwell’s equations. This better understanding of light allowed for
more technological developments such as interferometers, spectrometers, and lasers,
to name a few.
Over the last few decades, aided by improved computational abilities and experimental capabilities, there have been numerous advances in our understanding of how
1
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light interacts with matter. A particular field that has experienced extraordinary
growth over recent years is nanophotonics [1]. This field is devoted to studying the
interaction of light with nanoscale objects. Due to the similarity in size between
nanoscale objects and the wavelength of visible light, most of the phenomena studied by nanophotonics significantly differ from our macroscopic understanding. A
paradigmatic example of this is the optical response of colloidally grown metallic
nanoparticles. Unlike macroscopic objects made from the same material, which are
always the same color, metallic nanoparticles can display a wide range of vivid colors,
depending on their size and shape [2, 3]. The reason for this behavior is that metallic
nanostructures can support surface plasmons, which are collective oscillations of their
conduction electrons [4]. These excitations couple strongly with light, greatly enhancing the fields in the vicinity of the structure that supports them and thus increasing
the amount of light that it absorbs or scatters [5, 6]. The resonant wavelength of
surface plasmons is dependent not only on the material of the nanostructure, but also
its size and shape, allowing for significant tunability of the wavelength and spectral
shape of the plasmon resonance.
This tunability is illustrated in Figure 1.1(a), where we plot the scattering cross
section [4] of a nanosphere with diameter D = 50 nm nanosphere (black curve), along
with that of two different nanorods of width W = 50 nm and increasing length L,
as defined though the aspect ration A = L/W (red and blue curves). We consider
all of the nanoparticles to be placed in vacuum and illuminated by a plane wave
of amplitude E0 , polarized along the longest axis of the nanoparticles (see inset
schematic). The material of the nanoparticles is described using a Drude model with
parameters chosen to approximate the response of gold [7]. We compute the scattering
cross section using COMSOL Multiphysics, a finite element method (FEM) solver (see
Appendix A), and normalize them to the cross sectional area of the nanoparticle.
Analyzing these results, we observe that each of these spectra is dominated by
a dipolar plasmonic resonance, which involves the oscillation of charges along the
polarization of the the incident electric field. This can be seen in Figure 1.1(b),
where we plot the induced surface charge for each of these three nanoparticles at
the wavelength of their respective peaks. As we anticipated, the plasmon resonance
of these particles is located at different parts of the visible spectrum. Specifically,
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Figure 1.1: (a) Scattering cross section for a nanosphere of diameter D = 50 nm (black
curve) and two nanorods of width W = 50 nm and aspect ratios of either A = 2 (red
curve) or A = 3 (blue curve). All of the nanoparticles are excited by a plane wave
of amplitude E0 polarized along the longest axis of the particles. (b) Induced surface
charge for each nanoparticle calculated at the peak wavelength of their respective
resonance.
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the plasmon of the nanosphere appears at λ = 470 nm, while those of the nanorods
appear at 554 nm and 667 nm, respectively. The results of this figure demonstrate
that, by changing the geometry of the nanoparticles, it is possible to tune the plasmon
resonance they support across the entire visible spectrum.
In addition to their ability to produce a range of vivid colors, metallic nanostructures are in many cases more chemically stable than traditional dyes. Most dyes are
comprised of organic molecules, which are prone to bleaching over time. On the other
hand, plasmonic nanostructures can be designed using metallic materials that do not
oxidize, such as gold, or that are protected by a native oxide layer that naturally
forms at their surface, such as aluminum. The combined material simplicity, as well
as their long term stability, have led to the use of plasmonic nanostructures for color
printing and display applications [8, 9, 10, 11, 12, 13, 14, 15, 16]. In particular, researchers have demonstrated that, by using plasmonic nanostructures, it is possible
to develop transparent displays that only interact with certain chosen wavelengths,
or, equivalently, colors of light [17], as well as pixel elements for color imaging and
display [18, 19, 8] with extremely high resolution.
Despite plasmonics being a relatively new subject of study, plasmons have been
unknowingly exploited to produce color for many centuries. One of the earliest
examples of this is the Lycurgus Cup [20]. This cup, which was made by the Romans
in the 4th century and is currently displayed in the British Museum of London, has
the unique property that its color is dependent on the location of the light source,
as can be seen in Figures 1.1(a) and (b). If the cup is illuminated internally, the
glass takes on a red hue. However, when the light source is external to the cup, the
glass takes on a green color. This effect is the result of the plasmonic response of
metallic nanoparticles embedded in the glass of the cup and is similar to how some
stained glass achieves its color. These nanoparticles, which scatter and absorb light
strongly in the green part of the spectrum, lead to scattered light being green, while
transmitted light is primarily red.
Another particularly interesting example of the early use of plasmonic nanostructures to generate color is the daguerreotype, the plasmonic properties of which we
investigate extensively in Chapter 3. An example of a daguerreotype is shown in
Figure 1.2(c). First announced in 1839, daguerreotypes are recognized as the first

5
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Figure 1.2: Early examples of plasmonic color generation. (a)-(b) Images of the
Lycurgus Cup currently on display at the British Museum of London with external
(a) and internal (b) illumination from a white light source. (c) Daguerreotype
in the study collection of The Metropolitan Museum of Art (artist unknown, ca.
1850s). (d) Scanning electron microscope (SEM) images of the daguerreotype surface
corresponding to the location indicated by the colored circles in (c).
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photographic technology able to capture an image from a camera [21, 22, 23, 24, 25].
In contrast to more modern photographic techniques, daguerreotypy involves photosensitizing a metallic plate, which is then exposed to light, creating a unique positive
image. Although it was unknown at the time, the process used to make these images
leads to the growth of a multitude of metallic nanoparticles on the surface of the
metallic plate. The density and size of these particles depend on the intensity of light
during exposure, as can be inferred from the scanning electron microscope (SEM)
images of the surface of the daguerreotype shown in Figure 1.2(d). Thanks to the
plasmons they support, these particles are capable of scattering light, thus producing the daguerreotype image, as we explain in Chapter 3 [26]. As a result of this,
daguerreotypes can be considered as an early example of plasmonic color printing.
In recent decades, plasmonic nanostructures have found many other uses beyond
the production of colors. In particular, thanks to the large field enhancement
they are capable of providing, surface plasmons have been extensively exploited
to push the detection limits of optical sensors. Optical sensing relies on the
detection of chemically and biologically relevant molecules through the interaction
of their vibrational resonances with light [27, 28]. These vibrational resonances
produce a unique optical response for each molecule, which allows for its unequivocal
identification. Unfortunately, due to the subwavelength size of usual molecules being
detected, their interaction with light tends to be extremely weak, requiring large
concentrations to reach the detection threshold. However, by utilizing the field
enhancement provided by the plasmon resonances of metallic nanostructures, the
interaction between the molecules and light can be significantly enhanced, thus
allowing for the detection of extremely small concentrations of, or even single,
molecules [29, 30, 31]. This is the principle behind surface enhanced Raman
spectroscopy (SERS) [28, 32, 33] and its complementary technique surface enhanced
infrared absorption (SEIRA) spectroscopy [34, 35].
Plasmonic nanostructures have also found many applications in the fields of
medicine [36, 37], solar energy harvesting [38], and photochemistry [39, 40, 41]. The
common feature exploited in all of these examples is the large amount of light that
these systems are capable of absorbing, which enables their use as both localized heat
sources and hot carrier donors. The ability of plasmonic nanostructures to act in this
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Figure 1.3: Schematic of plasmon decay process. (a) A plasmon is excited through
interaction of the nanostructure with incident light. The plasmon excitation decays
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capacity arises from the mechanics of nonradiative plasmon decay, which we illustrate
in Figure 1.3. Specifically, once a plasmon is excited in a nanostructure (panel (a)), it
decays either radiatively (panel (b)), or nonradiatively (panel (c)). In the first case,
the energy of the plasmon is reemitted to the environment in the form of light. In
the second case, the plasmon decays by generating hot carriers, i.e., electrons and
holes that have an energy significantly larger than the thermal energy of the structure
[42, 43, 40]. These hot carriers can, in turn, thermalize with the nanostructure, thus
releasing their energy in the form of heat (panel (d)) [44, 45], or be transferred to a
neighboring system, such as an adsorbed reactant molecule or another nanostructure
(panel (e)) [46, 47, 48].
In medicine, the ability of metal nanoparticles to act as a localized heat source
has been exploited for the treatment of cancer [37]. This is achieved by designing
nanoparticles with the appropriate geometrical and material properties such that
they: (i) have plasmon resonances within the infrared part of the spectrum, where
human tissue is more transparent, as well as (ii) sizes that allow them to naturally
accumulate in the tumor vasculature. Once the nanoparticles are injected and
concentrate in the desired location they are optically excited, thermally ablating the
cancer cells away, while leaving the surrounding tissue undamaged.
In solar energy generation, the ability of metal nanoparticle to generate and
transfer hot carriers to neighboring structures has been exploited to enhance the
efficiency of solar energy devices. In this case, the particles are designed so that
they strongly absorb light across the visible part of the electromagnetic spectrum,
generating hot carriers that are then transferred to neighboring semi-conductor
structures [38].
Finally, both the ability to act as heat sources as well as a generator of hot carriers
are exploited for applications in chemistry. Specifically, the nanoparticle heating can
be used to increase the temperature of reactants, thus enhancing the reaction rate.
On the other hand, the ability of generating and transferring hot carriers to the
reactant molecules can be used to directly drive chemical reactions. These capabilities
have already been exploited for a large variety of chemical reactions, including water
splitting [49, 50, 39, 51, 52, 53, 54, 55], hydrogen and oxygen dissociation [56, 57, 58],
and the generation of hydrogen from ethanol [59, 60], to name a few.

9
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1.2

Scope of Thesis

The main goal of this thesis is to advance our understanding of the optical response
of metallic nanostructures induced by the plasmon excitations that they support.
We begin in Chapter 2 by investigating how the plasmonic response of a metallic
nanoparticle is modified by its coupling to a metallic film. This research problem
is relevant for many applications including sensing, solar energy harvesting, spectroscopy, and photochemistry. Here, we specifically analyze, both experimentally and
theoretically, the optical response of surface ligand-coated gold nanorods deposited
directly onto gold films and compare them to the response of similar nanorods on
silica substrates. As expected, the optical response of the nanorods placed on silica
is dominated by a dipolar plasmon mode, which oscillates along the length of the
nanorods. However, for the nanorod-film systems we find that their scattering cross
sections are dominated by a charge transfer plasmon mode, for which charge flows
between the particle and the film. Unlike the dipolar plasmon modes, the frequency of
which are highly dependent on the aspect ratio of the nanorods, the properties of the
charge transfer mode are dictated primarily by the characteristics of the particle-film
junction. The results of this chapter not only give new insight into the interaction of
metallic nanoparticles with metallic substrates, but also provide a method for creating more robust plasmonic platforms that are less affected by variations in the size of
individual nanoparticles.
In Chapter 3, we exploit the theoretical insight and computational techniques
developed in Chapter 2 to investigate the plasmonic properties of daguerreotypes.
As discussed in the previous section, due to their ability to interact strongly with
light and produce vivid colors, plasmonic nanostructures offer a new route to develop
color printing technologies with improved durability and material simplicity compared
to conventional pigments. Indeed, over the last decades, researchers in plasmonics
have been devoted to manipulating the characteristics of metallic nanostructures
to achieve unique and controlled optical effects. However, before plasmonic color
printing was a science, it was an art. The invention of the daguerreotype was
publicly announced in 1839 and is recognized as the earliest photographic technology
that successfully captured an image from a camera, with resolution and clarity that
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remains impressive even by today’s standards. Unlike more modern photographs,
which use organic pigments to achieve the different hues and colors making up their
image, daguerreotypes rely on the scattering properties of the multitude of metallic
nanoparticles on their metallic surface to create an image.
Using a unique combination of daguerreotype artistry and expertise, experimental
nanoscale surface analysis, and, for the first time, electromagnetic simulations,
we perform a comprehensive analysis of the plasmonic properties of these early
photographs, which can be recognized as the first example of plasmonic color
printing. Despite the large variability in size, morphology, and material composition
of the nanostructures on the surface of a daguerreotype, we are able to identify
and characterize the general mechanisms that give rise to the optical response of
daguerreotypes. In particular, we demonstrate that the particles present on the
daguerreotype surface result in an optical response dominated by two primary surface
plasmon modes. Furthermore, we find that the differing radiation patterns of these
modes are directly responsible for the angle dependent hue of daguerreotypes, a
property that has long been observed but never previously explained. Therefore,
the results presented in this chapter not only provide valuable knowledge needed to
develop preservation protocols to preserve these historic images, but also, serve to
inform the development of novel color printing technologies inspired by past ones.
Finally, in Chapter 4, we investigate the use of titanium nitride (TiN) nanostructures for plasmon-enhanced photocatalysis. As discussed in the previous section,
metallic nanoparticles can act as efficient photocatalysts. However, the large cost
of the commonly used noble metal nanostructures, has lead to a search for alternative materials. Recently, TiN nanostructures have emerged as promising candidates
for this application due to their lower cost, and therefore greater sustainability, than
nanostructures made of noble metals. TiN nanostructures also have a spectrally broad
absorption response that extends across much of the solar spectrum, allowing them to
absorb a larger degree of solar light than similarly sized noble metal nanostructures.
Moreover, due to their high melting temperature and protective native oxide layer,
TiN nanostructures are expected to have greater long-term thermal stability.
Through a comprehensive theoretical and experimental analysis, we demonstrate
that, under solar illumination, TiN nanoparticles, in combination with titanium diox-
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ide (TiO2 ) nanostructures, can significantly increase the photocatalytic production
of formate through the simultaneous photoreduction of bicarbonate and oxidation
of glycerol. Importantly, we also show that TiN nanoparticles alone can provide an
enhancement of the photocatalytic efficiently when compared to TiO2 nanocatalysts.
Furthermore, by characterizing the morphology and material properties of the TiN
nanoparticles before and after the reaction, we confirm that they remain stable under
reaction conditions for extended periods of solar light exposure (≈ 8 hours). The
results presented in this chapter advance our understanding of TiN nanoparticles as
efficient photocatalysts and their use for the production of valuable chemicals.

Chapter 2
Charge Transfer Plasmons in
Metallic Particle-Film Systems∗
2.1

Introduction

Despite the significant research effort and widespread applications of particle-film
plasmonic systems, the interaction between a colloidal nanoparticle and metal film
is not fully understood. Chemically synthesized metal nanoparticles are inherently
coated with surface ligands (organic molecules) that provide a natural spacer of a
thickness on the order of a few nanometers [61, 62, 63, 64, 65]. The properties of
this layer determine the nature of the interaction, and hence the plasmonic response
of the coupled system. In particular, the existence of a conductive junction between
the particle and the film enables a distinct type of plasmonic resonances, commonly
referred to as charge transfer plasmons [66], in which the charge oscillates between the
two systems [67]. These modes have been extensively investigated in particle dimers
due to their potential for sensing applications [66, 68, 69, 70], as well as for being a
robust platform to observe quantum plasmonic effects [71, 72, 73, 74].
In this chapter, we investigate how the optical response of colloidal metallic
∗

This Chapter is based on the research published in B. Kafle, P. Gieri, H. Kookhaee, T. E.
Tesema, S. Haq, A. Manjavacas, and T. G. Habteyes. Robust charge transfer plasmons in metallic
particle-film systems. ACS Photonics, 5(10):4022-4029, (2018).
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nanoparticles is modified as a result of the interaction with metallic substrates. To
that end, we analyze the scattering spectra of individual gold nanorods of different
sizes deposited both on silica and gold substrates. We find that, when they are placed
on the metallic substrate, the scattering response of the nanorods is dominated by
a charge transfer plasmon mode, in which charges oscillate between the substrate
and the nanorod. Surprisingly, the resonance frequency of this mode is only weakly
dependent on the size and width of the nanorods. This is in sharp contrast with
the behavior shown by nanorods with similar sizes when they are placed on a purely
dielectric substrate. In that case, the scattering spectrum is dominated by a dipolar
mode whose spectral position varies strongly with the aspect ratio of the nanorod.
Using a combination of rigorous solutions of Maxwell’s equations and a simple
analytical model, we show that the properties of the charge transfer mode are solely
determined by the local characteristics of the particle-film junction, and therefore
are weakly sensitive to the dimensions of the particle. These results contribute to
advancement of the fundamental understanding of nanoparticle-film interactions, as
well as to provide a basis for the development of plasmonic systems that are robust
against differences in nanoparticle size.
All of the experimental work presented in this Chapter was performed by the
group of Prof. Habteyes at the University of New Mexico.

2.2

Direct Substrate Contact

The system under study is depicted in Figures 2.1(a) and (b). It consists of chemically
synthesized gold nanorods of width w and length L, which are placed either directly
on a silica substrate, or on a 50 nm-thick gold film deposited on silica (see Kafle,
Gieri, et. al. [75] for details of the sample preparation). The nanorods are excited by
focusing a ring of white light using a dark-field objective of numerical aperture 0.9.
The normalized spectra measured for gold nanorods placed on the silica and gold
substrates are shown in panels (c) and (d) of Figure 2.1, respectively. In each case, we
analyze the scattering spectra of three different nanorods, all of them with the same
width w = 40 nm, but different aspect ratios A = L/w, as indicated by the labels
in the plot. When deposited on the silica substrate, the scattering spectra of the

14
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Figure 2.1: Optical response of gold nanorods placed on different substrates. (a),(b)
Schematics of the system under study consisting of a gold nanorod of length L and
width w, placed directly on a silica substrate (a), or on a 50 nm-thick gold film
deposited on silica (b). (c),(d) Experimental single-particle scattering spectra for
nanorods of width w = 40 nm and different aspect ratios A = L/w, as indicated
by the labels, placed either on the silica (c) or gold (d) substrates. (e,f) Numerical
simulations of the scattering spectrum of the nanorods of panels (c) and (d) performed
by using a finite element method (FEM) approach. In all cases, the scattering spectra
are normalized to their maximum value.
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gold nanorods display a single peak in the analyzed spectral region, whose location
significantly depends on the aspect ratio of the nanorods, shifting to lower energies
as the length of the rod increases. This is exactly the expected behavior for the
longitudinal dipolar plasmon of the nanorod, whose energy is inversely proportional
to the nanorod length [3]. Interestingly, when nominally the same nanorods are,
instead, placed on the gold film, we find that their corresponding scattering spectra
converge to essentially the same resonance energy near 1.8 eV, regardless of the aspect
ratio of the nanorods.
For the purpose of understanding this behavior, we calculate the scattering spectra
for nanorods of the same dimensions by rigorously solving Maxwell’s equations
using a finite element method (FEM) approach. To reproduce the single crystalline
nature of the nanorods, we model them as being faceted on four sides, with a
facet width wf = 0.875w. The simulation geometry is shown schematically in
Appendix A. In all cases, the nanorods are assumed to be in conductive contact
with the substrate at one of their facets. The choice of this configuration is based
on the assumption that the surface ligands, which are initially coating the nanorods
in solution, spread across the surface of the substrate during the deposition of the
nanorods, which, together with the roughness of the substrate, enable a direct contact
between them and the substrate. The validity of this assumption is confirmed later
in this chapter. The results of these calculations are shown in panels (e) and (f)
of Figure 2.1. Comparing them with the measurements, we observe a very good
agreement on the spectral position and lineshape of the resonances. Importantly, the
theoretical results reproduce the behavior observed in the experiment, namely the
change from a size-dependent response when the nanorods are placed on silica, to
a largely size-independent response when placed on the gold film. Incidentally, the
theoretical predictions display slightly broader resonances than those observed in the
measurements. This difference could be attributed to the larger material losses in the
structures used to tabulate the dielectric function that we employ in the calculations
[76], as compared to the expectedly more crystalline nanorods used in this experiment.
In order to verify that the behavior observed in Figure 2.1 is not particular to the
analyzed nanorods, we measure single-particle scattering spectra for over 200 gold
nanorods on each substrate (silica and gold film), with different widths and aspect
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Figure 2.2: Characterization of the scattering spectra. (a),(b) Measured singleparticle scattering spectra for a large collection of different nanorods placed on the
silica (a) and gold (b) substrates. The background color and labels indicate the
nanorod dimensions. (c),(d) Linewidths of the different spectra of panels (a) and (b)
plotted as a function of the energy of the plasmon resonance. Again, the nanorod
dimensions are indicated by the color of the symbol.
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ratios. The results are displayed in Figure 2.2. In particular, panels (a) and (b)
show the scattering spectra of the individual nanorods placed on the silica and gold
substrates, respectively. The results are organized based on the dimensions of the
nanorods as indicated by the labels and the background color. We measure nanorods
with w = 40 nm and A = 1.7, 2.2, 3.7 (which correspond to L = 68, 88, 148 nm) as
well as w = 25 nm and A = 2.3, 2.8, 3.6 (which correspond to L = 58, 70, 90 nm),
according to the specification for the colloidal solution. Examining the results of
Figure 2.2(a), we observe a clear jump of the average peak energy when the nominal
size of the gold nanorods is changed. The small fluctuation within the same type
of nanorods is a consequence of the size distribution in the colloidal solution [77].
In contrast, as shown in Figure 2.2(b), when the nanorods are placed on the gold
film, their resonance energy is only weakly dependent on the size and aspect ratio of
the nanoparticles. Notice that all of them fall approximately within a 0.3 eV window
around the same energy. Furthermore, in this case, the scattering intensity does not
scale with particle size; there instead appears to be an optimal particle size that
couples light into and out of the system more efficiently. Even though the average
resonance energy does not change appreciably with the significant change in the aspect
ratio (from 1.7 to 3.7) of the gold nanorods, there is an appreciable fluctuation from
particle to particle. This effect can be attributed to the sensitivity of the response
to variations in the geometry of the particle-film interface, as well as changes in the
distribution of surface ligands and the chemical composition of the environment.
We further analyze the scattering behavior of the nanorods by extracting the
resonance energy and linewidths from the measured data, through the fitting of a
Lorentzian function to the different experimental spectra. The corresponding results
are summarized in Figures 2.2(c) and (d). Clearly, for nanorods on the silica substrate,
the linewidth increases with resonance energy. We attribute this behavior to the
larger overlap of the plasmon resonance with the interband transitions of gold, which
is expected to increase the nonradiative losses, thus resulting in a broader lineshape
[4, 78, 79]. However, nanorods placed on gold show a weak relationship between
linewidth and aspect ratio, with larger sizes resulting in slightly larger linewidth, as
shown in Figure 2.2(d). It is worth noting that this relationship is the opposite of
what we observe for the same nanorods placed on silica. For example, considering the
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Figure 2.3: Charge transfer plasmon mode. (a) Calculated scattering spectra for a
nanorod of width w = 40 nm and aspect ratio A = 3.7 placed on the silica (green
curve) and gold (red curve) substrates. (b) Induced surface charge maps (upper
panels) and radiation pattern (lower panels) calculated at the resonance peaks of
panel (a). The left and right columns display the results for silica and gold substrates,
respectively. The insets in the lower panels show the experimental dark-field images.
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nominal width of 40 nm, gold nanorods with aspect ratio of 3.7 display the narrowest
linewidths when placed on silica, but the broadest linewidth when sitting on the gold
film, as can be seen by comparing the data plotted in Figures 2.2(c) and (d). This
is consistent with the fact that the radiative losses increase with nanorod volume
[80], while the nonradiative ones, which are associated with the material losses of the
system, and therefore dependent on the dielectric function, stay constant due to the
fixed plasmon energy.
In order to understand the origin of the difference in the response of the nanorods
when placed on the silica and gold substrates, we calculate the induced charge and the
radiation pattern associated with their plasmon resonance. In particular, we focus on
a nanorod with w = 40 nm and A = 3.7, due to the large resonance energy shift when
changing from silica to gold substrates, as shown in Figure 2.3(a) by the green and
red curves, respectively. The corresponding induced surface charge maps are plotted
in the upper panels of Figure 2.3(b). The results for the nanorod placed on silica (left
panel) confirm the longitudinal dipolar nature of the resonance, and therefore explain
the observed correlation between aspect ratio and resonance position. The associated
radiation pattern confirms this result. It corresponds to a dipole oscillating parallel
to the substrate with a secondary lobe structure caused by the actual shape of the
nanorod facet, which breaks the symmetry of the emission pattern. As expected, the
majority of the radiation is emitted into the silica substrate [1].
On the other hand, for the nanorod placed on gold (right panel), we observe a
completely different charge map. In this case, we find that the plasmon response
is associated with a transfer of charge between the nanorod and the film, in which
the entire nanorod is positively or negatively charged, with the film having the exact
opposite charge. This means that the scattering response of the nanorods placed
on the gold film is dominated by a charge transfer mode. The radiation pattern
corresponding to this mode is shown in the lower right panel of Figure 2.3(b). In this
case, based on the induced charge map, we expect a dipole oscillating perpendicular
to the substrate, which consequently produces a doughnut-shaped radiation pattern.
This is confirmed by the calculations, which also show a secondary lobe structure
caused, again, by the faceting of the nanorod. Both radiation patterns are in good
agreement with the experimental dark-field images shown as insets in the lower panels.
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It is worth noting, that these results discard the possibility of the observed behavior
being caused by the transversal mode of the nanorods.

2.3

Thin Dielectric Spacer

So far, we have assumed that, when placed on the gold film, the nanorods are
in conductive contact with the metallic surface. However, we know that, due to
the chemical synthesis process, the gold nanorods are partially covered by surface
ligands (cetyltrimethylammonium bromide, CTAB) when they are suspended in
solution, which, during the deposition process, are expected to spread across the
substrate, leaving the nanorods in direct contact with it. In order to understand
the role that the surface ligands can play in the optical response of the system,
we repeat the calculations of the scattering response of a nanorod deposited on
the gold substrate assuming, in this case, a dielectric spacer located between the
nanorod and the substrate [81] (see Appendix A for a detailed description of our
simulation geometry). The results of this calculation are shown in Figure 2.4. More
specifically, in panels (a) and (c), we analyze the scattering spectra of nanorods with
A = 1.7 and 3.7, respectively, and fixed w = 40 nm. The solid curves display the
theoretical calculations performed assuming that the nanorods are either in direct
contact with the substrate (red curve), or separated from it by a 1.5 nm-thick spacer
with dielectric function ε = 2 (green curve), while the black dots represent singleparticle measurements for two nanorods of nominally the same dimensions as those
modeled. Clearly, in the absence of conductive contact, the scattering spectrum
displays several peaks that correspond to cavity plasmons confined to the dielectric
spacer [82]. The presence of these peaks and the broader lineshape of the spectrum
when compared with the corresponding one for the direct contact configuration are
in sharp contrast with the experimental results. It is important to remark that none
of the hundreds of single-particle measurements we have performed display any extra
peak.
Interestingly, by adding a finite conductivity σ to the dielectric function of the
spacer, which then becomes ε = 2 + iσ/(ε0 ω), it is possible to recover the results
obtained for the case of the nanorod being in direct contact with the substrate. This
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Figure 2.4: Effect of surface ligands. (a) Normalized scattering spectra of a nanorod
of w = 40 nm and A = 1.7 placed on the gold substrate. The solid curves show the
theoretical predictions assuming the nanorod is in direct contact with the substrate
(red curve), or is separated from it by a 1.5 nm-thick dielectric spacer with dielectric
function ε = 2 (green curve), while the black dots correspond to the experimental
single-particle measurements. (b) Comparison of the scattering spectra of the nanorod
of panel (a) for different values of conductivity of the dielectric spacer, as indicated
by the legend. (c),(d) Same as (a),(b), but for a nanorod of w = 40 nm and A = 3.7.
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Figure 2.5: Comparison of the peak position and linewidths of nanorods with
w = 40 nm and A = 2.2 from Figure 2.2, with similar nanorods that have had their
CTAB ligands further removed. The black dots correspond to the nanorods that have
had undergone the extra CTAB removal process, while the red dots correspond to
the results extracted from Figure 2.2.
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is shown in panels (b) and (d), where we plot the scattering spectra of the nanorods
calculated for different values of σ in the range 103 − 107 Ω−1 m−1 , as indicated by the
legend (for reference, the static conductivity of gold is ∼ 4×107 Ω−1 m−1 ). Examining
these results, we observe that, as the conductivity increases, the multiple peaks
in the spectrum disappear and a single resonance, located at the frequency of the
charge transfer plasmon, emerges. Interestingly, this transition seems to occur for
values of the conductivity below 105 Ω−1 m−1 . Beyond that value, the increase of the
conductivity does not alter the spectral position of the resonance, although it makes
the resonance become stronger and narrower, which is consistent with the reduced
dissipation associated with an increase of the conductivity.
The results analyzed in Figure 2.4 support the hypothesis that the behavior we
observe in the experiment arises from the conductive coupling between the nanorod
and the gold film. The experimental and theoretical results strongly suggest that
the interface between the gold nanorods and the gold film is conductive, and the
resonance can be described as a charge transfer plasmon. This is compatible with
a low CTAB coverage on the surface of the nanorods. We verify this hypothesis by
repeating the measurements shown in Figure 2.2, but with nanorods from which the
CTAB ligands are further removed during the preparation of the sample. This is
achieved through a centrifugation and re-suspension procedure, combined with the
application of the colloidal solution on a substrate covered with ethanol solvent. This
allows the spreading of CTAB into the ethanol solvent as the gold nanorods are
deposited on the gold film. The solution is then blown away from the surface using
nitrogen gas before it dries completely on the substrate. This procedure is expected
to remove a larger fraction of CTAB molecules from the surface of the nanorods.
As shown in Figure 2.5, the new results are similar to those of Figure 2.2, which
supports our claim. Indeed, a recent work has shown that the CTAB coverage on the
surface of nanorods is not uniform [83]. This, together with the surface roughness of
the metallic film, can enable sufficient contact points between the nanorod and the
film. Furthermore, theoretical calculations have shown that, for gaps of ∼ 0.4 nm,
the conductivity arising from tunneling processes can be larger than 105 Ω−1 m−1 for
moderate electric fields [84].
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Figure 2.6: Effect of particle shape on the charge transfer plasmon resonance. Energy
of the plasmon resonance as a function of the “squareness” of the nanorods, calculated
for multiple nanorods of varied width w and aspect ratio A, as indicated by dot color
and the legend. Squareness is defined as the ratio between the width of the facet wf
and width of the nanorod w, as depicted in the inset.

2.4

Semi-Analytic Model for CTP Mode

The questions that are now posed are why there is a conductivity threshold for
the charge transfer mode, and why its frequency is so weakly dependent on the
dimensions of the nanorod. In order to answer these questions, we use a simple
analytical model similar to that presented by Pérez-González et al. [66] to explain
the behavior of charge transfer plasmons in plasmonic nanoparticle dimers bridged
by conductive junctions. We first assume that the combined nanorod and substrate
system acts as a capacitor with a conductive junction connecting the two elements.
When illuminated, the amount of charge flowing between the particle and the film,
associated with the excitation of the charge transfer plasmon mode, must be such
that it cancels out the field induced between the nanorod and the film. Therefore, in
a first approximation, and ignoring any inhomogeneity of the field within the facet
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of the nanoparticles, this charge can be written as Q = CdEind , where Eind is the
induced field, C is the capacitance of the system, and d the distance between the two
elements. The product Cd defines an effective capacitance area Ac = Cd/ε0 , which
depends exclusively on the geometry of the nanorod-film junction. For instance, if,
instead of a nanorod, an extended planar surface is considered, Ac corresponds to
the surface area. On the other hand, the current flowing between the nanorod and
the film can be approximated as I = σAj Eind , where σ is the conductivity of the
junction, and Aj is the junction area, which, in our case, is equal to the facet area.
Then, the frequency of the charge transfer plasmon, ωCTP , can be obtained from the
ratio I/Q. By doing so, we can write σ ∝ ωCTP Ac /Aj .
This equation states that, for a given system, there is a minimum conductivity
necessary to sustain the charge transfer plasmon, in accordance with the results of
Figures 2.4(b) and (d). Furthermore, in the limit of large conductivity (i.e., beyond
the conductivity threshold), the frequency of the plasmon is expected to scale as
Aj /Ac . Then, ignoring the effect of the hemispherical ends of the nanorods, Ac is
proportional to the surface area of the nanorod, and therefore to w. This makes the
ratio between the junction and capacitance areas independent of the length of the
nanorod (since both of them are proportional to it), thus depending only on the ratio
between the facet and the nanorod widths, i.e., Aj /Ac ≈ wf /w. Accordingly, we
expect the frequency of the charge transfer plasmon to scale with wf /w, which can
be understood as the “squareness” of the nanorod, as shown in the inset of Figure 2.6.
To test the predictions of this model, we calculate the scattering spectra of
nanorods placed in direct contact with a gold substrate, and with the same widths
and aspect ratios as those analyzed in Figure 2.2, but varying their wf /w ratio. We
plot the energy of the resulting scattering peaks in Figure 2.6 as a function of wf /w,
using dots of different colors for the different nanorods, as indicated by the legend.
Examining these results, we observe that, as wf /w increases and approaches 1 (i.e.,
a square transversal cross section), the peak energies are blue shifted and tend to an
asymptote, as predicted by our model. Furthermore, we find that, for each value of
wf /w, the resonance energies of all of the nanorods investigated fall within a . 0.3 eV
window, in good agreement with the experiments (see Figure 2.2), for which we expect
a uniform value of wf /w determined by the synthesis of the nanorods. This confirms
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Figure 2.7: Analysis of the effect of the facet size on the scattering response. (a),(b)
Scattering intensity spectrum for a nanorod placed on the silica substrate with
dimensions: w = 40 nm, and A = 1.7 (a) or A = 3.7 (b). The different curves
correspond to the results calculated for different values of the facet size A = 1.7, as
indicated in the legend. (c),(d) Same as (a),(b) but for nanorods deposited on the
gold substrate.
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that the weak dependence of the scattering spectrum of the gold nanorods deposited
on the gold film arises from the charge transfer nature of the resonance. We attribute
the 0.3 eV variation to the effect played by the hemispherical ends of the nanorods,
which is expected to change with their dimensions. Interestingly, the peak position
of the scattering spectra for nanorods placed on silica are almost independent of
the value wf /w, as can be seen in Figure 2.7, which is consistent with the dipolar
character of the dominant resonance of the scattering spectra of these structures.

2.5

Conclusions

In summary, we have presented an experimental and theoretical study of the optical
response of gold nanorods placed on both silica and gold substrates. We have found
that, for nanorods placed on silica, the response is dominated by a dipolar surface
plasmon whose characteristics are very dependent on the size and aspect ratio of the
nanorod. On the contrary, when the same nanorods are placed on a gold substrate, the
scattering spectrum displays a strong charge transfer plasmon resonance, for which
charge flows between the particle and the substrate. This mode, in contrast to the
typical dipolar resonance, is always located around the same energy, regardless of
the width and aspect ratio of the nanorod. Using rigorous solutions of Maxwell’s
equations, as well as a simple analytical model, we have shown that the properties of
this mode are dictated by the characteristics of the particle-film junction. The results
presented here provide new insights into the interaction of metallic nanoparticles with
metallic substrates, which could be exploited to design plasmonic systems that are
more robust against variations in the nanoparticle geometry.

Chapter 3
The Plasmonic Properties of
Daguerreotypes∗
3.1

Introduction

In today’s digital age, photographic prints can seem like a relic from the past. For
centuries, people searched for increasingly better ways to capture an image. Images
projected by the camera obscura were used as guides for drawing and painting natural
scenes and portraits at least from the 17th century [85, 86], however these images
could not be directly captured permanently. Inventors and early photographers
understood that capturing an image would require an interaction of light and matter,
and identified different suitable photoreactive materials, silver halides among them,
which quickly became the base of a sustained photographic technology that remains
popular today in artistic photography [85, 87, 23, 88]. Among the various early
processes relying on the light sensitivity of silver halides, daguerreotypy was the
first to become commercially successful and vastly popular [24, 25]. The process
was invented by Louis-Jacques-Mandé Daguerre (1787-1851) over several decades
and, after much secret experimentation, it was presented to the French Academy
∗

This Chapter is based on the research published in A. E. Schlather, P. Gieri, M. Robinson, S.
A. Centeno, and A. Manjavacas, Nineteenth-century nanotechnology: The plasmonic properties of
daguerreo- types, Proc. Natl. Academ. Sci., vol. 116, no. 28, pp. 13791-13798, (2019).
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of Sciences in Paris in 1839 [21, 22]. The result was an image that, even by today’s
standards, had an extraordinary resolution and dynamic range [24, 25]. Even though
the process was quickly replaced by faster and less expensive methods, up to three
million daguerreotypes were made every year in Europe and North America from 1839
to the 1860s [24, 89].
Daguerreotypes, unlike other types of photographs, rely on light scattering by
metallic nanoparticles to create an image that projects off of a reflective silver
substrate. The balance between the light scattered by the nanostructures and the
specular reflection of the substrate creates the bright and dark tones, respectively,
with the behavior of the midtones depending on the density of nanostructures, as
can be seen in Figures 3.1(a) and (b) for a historical daguerreotype from the study
collection of The Metropolitan Museum of Art. Quite uniquely, the image tones of a
daguerreotype are also dynamic and can change significantly with the viewing angle.
In this sense, daguerreotypes can be considered the first realization of plasmonic
color printing. Indeed, novel proposals for the fabrication of these devices resemble
daguerrotypy [90].
Daguerreotypes are irreplaceable records of history and culture that must be
preserved for posterity, which requires an in-depth understanding of the physical
and chemical mechanisms responsible for their optical response. To this date, and
compared to the number of daguerreotypes reported to have been produced in the
19th century, only a relatively small number of plates have been examined beyond
conventional optical microscopy with spectroscopic techniques, scanning electron
microscopy (SEM), and other nanoscale imaging methods capable of examining and
characterizing the nanostructures on their surface [91, 92, 24, 93, 94, 95, 96, 97,
98, 99, 100, 101, 102]. Unfortunately, time and exposure to the elements have
irreversibly altered 19th century daguerreotype images, making it difficult to use them
to characterize their properties. Also, it is rarely possible to remove micro-samples for
analysis from these unique objects. In this context, creating model daguerreotypes
strictly following 19th century practices becomes necessary, especially to recreate
certain visual effects that have been observed in historical plates [97, 98, 99, 103].
In this chapter, we attempt to shine light on the daguerreotype’s dimensionality
using a unique combination of daguerreotype artistry and expertise, experimental
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Figure 3.1: Daguerreotype characteristics. (a) Daguerreotype in the study collection
of The Metropolitan Museum of Art (artist unknown, ca. 1850s). (b) Scanning
electron microscope (SEM) images, outlined in colors corresponding to colored circles
in (a), show varying nanoparticle densities. The scale bars are 2 µm. (c) Schematic
outlining the steps of the daguerreotype process. (d) Particle size counts, averages
(red dotted line), and standard deviation (black bar) for daguerreotype samples (see
inset). Hg1/4 refers to minutes of mercury exposure, and UG/G refers to ungilded
and gilded plates, respectively. Blue lines represent blue mask regions, while gray lines
correspond to the regions of highest light exposure (i.e., highest particle density) of
the exposure step wheels, marked by gray circles in the inset.
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nanoscale surface analysis, and, for the first time, electromagnetic simulations, to
uncover the plasmonic properties of these early photographs. This combination
provides a unique perspective into the mechanisms that give rise to their optical
response, thus serving to inform the development of preservation protocols, as well
as novel approaches to future color printing technologies inspired by past ones.
All of the experimental work presented in this Chapter was performed by
Drs. Schlather and Centeno at the The Metropolitan Museum of Art (New York)
and Dr. Robinson at Century Darkroom.

3.2

Daguerroetype Process and
Characterization

Soon after Daguerre’s first manual was published, the daguerreotype process rapidly
spread across England and North America [24, 103]. Each of the numerous steps
to make a daguerreotype demanded parametric control that strongly affected the
appearance of the final image, of which a lack of mastery contributed to the failure
of many early attempts [104, 105, 106]. For a process that was as much a protocol
as it was an art, diagnosing problems and obtaining desired results was accomplished
by experimentation. The steps involved in making a daguerreotype are summarized
in Figure 3.1(c) (for detailed information, see Schlather, Gieri, et. al. [26]). First,
a silver (Ag) layer was joined to a copper plate by cladding and, in some instances,
an additional layer of silver was deposited by electroplating (termed ‘galvanizing’ in
the 19th century) (i-ii). The silver surface was polished and then sensitized with
iodine fumes to create a photoactive silver iodine layer (iii). With ever-changing
parameters like temperature affecting their protocols, daguerreotypists relied on
the observation of the color arising from reflection on the silver halide layer to
estimate the readiness of the plate [103, 107]. As the process improved, the ideal
layer color evolved: Daguerre’s first recommendation was golden yellow, with an
average film thickness of 30 nm [107], but later changed to “rose-violet,” the color
known after 1859 as magenta [103, 108]. After 1840, further sensitization with
bromides and chlorides followed, the additional halides creating trap states in the
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crystalline film that broadened its spectral sensitivity across the visible spectrum,
thereby shortening light exposure times by up to a factor of sixty. Exposure to
light (iv) catalyzed a photolytic reduction of the silver halides to create the latent
image (v), metallic silver clusters with diameters likely no more than 1-2 nm [109],
which serve as nucleation sites for crystal growth by development with mercury (Hg)
vapor. Mercury development took only a few minutes and resulted in fast formation
of silver-mercury nanoparticles (vi), via a complex combination of oxidation-reduction
reactions, electrostatic processes, mass transfer of silver and mercury, and Ostwald
ripening of metallic clusters [103, 110, 111]. Afterwards, the plate was placed in a
bath of aqueous thiosulphate (vii) to dissolve the unexposed silver halides and stop
the light-sensitive reaction, a process known as ‘fixing.’ In a last step commonly
referred to as ‘gilding,’ a gold salt solution was poured over the mercury-developed
image and heated with a lamp. This created a nanoscale layer of gold (Au) on the
surface, improving the visual contrast and, in principle, producing a more stable
image [98, 99, 112].
The macroscale result is a unique and irreproducible positive image encoded in the
nanoscale by metallic nanoparticles of myriad sizes, compositions, and surface densities. The Ag-Hg particle sizes are correlated with the density of latent image sites,
which depends on the amount of light exposure on that area, as the concentration
of mercury during development should remain relatively uniform across the exposure
field [103]. Thus, areas with lower nanoparticle density tend to have larger, more
mercury-rich particles spaced farther apart, while high-density areas have smaller,
silver-rich nanoparticles [24, 103, 97, 98, 91, 96, 100]. The daguerreotype’s optical response results from the collective light scattering produced by the ensemble of
nanoparticles.
Through experimentation, daguerreotypists understood that certain conditions
resulted in distinct optical effects that today are known to be the result of controlling
nanoparticle size and homogeneity. Almost 100 years before the advent of color
photography, overexposed skies depicted in daguerreotypes often appeared blue,
an effect known in the Daguerreian Era as ‘solarization.’ A common nuisance in
photography, daylight skies are often overexposed in order to properly expose the
subject. While overexposure creates white saturation on film or a digital detector,
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it creates a blue tint on a daguerreotype. The increased number of nucleation
sites competing for mercury during the development stage produces particles with
smaller average diameters and a narrower size distribution than non-solarized areas,
as demonstrated with the model daguerreotype samples in Figure 3.1(d). The inner
region of each sample contains an exposure step wheel ranging from shadows to
highlights and a solarized outer border, which appears blue at normal incidence. In
these samples, two experimental conditions determine the varying shade of blue and
the appearance and tone of the step wheel: the Hg development time, being either
one minute (Hg1) or four minutes (Hg4), and the absence or presence of gilding,
referred to as ungilded (UG) or gilded (G), respectively. Analysis of particle diameter
and height using atomic force microscopy (AFM), shown in Figure 3.1(d), confirms
that longer Hg development times lead to larger overall particle diameters, as well as
larger size deviations from the average particle diameter. The Au layer from the final
gilding step also increases the overall average particle diameter and size distribution.

3.3

Single Representative Particle

To understand how the properties of an ungilded daguerreotype image are determined
by the nanoparticles on its surface, we investigated the optical response of a representative individual nanostructure chosen based on information obtained from high-angle
scanning electron microscopy (HA-SEM) (see Figure 3.2(a)). We modeled it as an
axially symmetric ellipsoid with dimensions d and h, which is half-embedded in the
substrate, as shown in the schematics of Figure 3.2(b). The material of the nanoparticle was taken as a 70% silver - 30% mercury alloy, in accordance with SEM-coupled
energy dispersive spectroscopy (SEM-EDS) measurements [102, 103], while the substrate was assumed to be pure silver. The dielectric function of the silver-mercury
alloy was constructed from the silver and mercury data using the Bruggeman effective medium theory [113] (see Appendix B for more details). Figure 3.2(c) shows the
scattering intensity for a particle with d = 116 nm and h = 98 nm, corresponding
to the average particle size from the Hg4-UG solarized sample, calculated by solving
numerically Maxwell’s equations (see Appendix A). The blue and red curves indicate,
respectively, the results for illumination with S or P polarized light (see panel (b)),
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Figure 3.2: Analysis of the optical response of an individual nanostructure. (a)
High-angle scanning electron microscope (HA-SEM) image of nanostructures on the
daguerreotype surface (the scale bar is 200 nm). (b) Schematic diagram of the
simulation geometry. (c) Calculated scattering spectra for a nanostructure with
h = 98 nm and d = 116 nm. The blue and red curves show, respectively, the results for
illumination with S or P polarization (see panel (b)), while the black curve corresponds
to averaged results. (d)-(g) Induced charge (d),(e) and radiation pattern (f),(g) for the
horizontal and vertical dipole modes, calculated at 365 nm and 670 nm, respectively.
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while the black line corresponds to their average, representing illumination with unpolarized light. In all cases, the angle of incidence is 45◦ . The spectrum is dominated
by two different modes: a narrow peak in the blue/ultraviolet part of the spectrum
(≈ 365 nm), and a broader one in the red part of the spectrum (≈ 670 nm). These two
modes are associated, respectively, with dipoles that oscillate parallel and perpendicularly to the substrate, as confirmed by the charge plots shown in Figures 3.2(d) and
(e). Consequently, the first mode radiates mostly in the vertical direction, as seen in
panel (f), while the second one radiates at high angles with respect to the vertical
direction, with the doughnut-shaped pattern shown in panel (g). The large difference
in the radiation patterns of these modes has direct consequences on the angle dependence of the daguerreotype response. Specifically, when observed at small angles with
respect to the vertical, we expect its response to be dominated by the mode located
in the blue/ultraviolet, while, at large angles, the response is dominated by the mode
on the red end of the spectrum. Therefore, as the viewing angle increases, the color
of the daguerreotype is expected to evolve from a blue hue to a red one.
This is confirmed by the scattering intensity spectra plotted in Figure 3.3(a),
calculated for particles with sizes corresponding to the average dimensions of the
solarized regions of the Hg1-UG (solid curves) and Hg4-UG (dashed curves) samples,
at four different viewing angles with respect to the vertical direction: 0◦ , 30◦ , 60◦ , and
80◦ . As expected, for 0◦ , the optical response is entirely located in the blue/ultraviolet
part of the spectrum. Then, as the angle increases, the scattering spectrum begins
to display a second peak at longer wavelengths, which, for 80◦ , completely dominates
the spectra. This effect explains why this daguerreotype, when viewed from above,
exhibits a blue tone, while, for increasing view angles, the tone shifts to a brown/red,
as can be seen from the angled microscope images of the surfaces of the Hg1-UG (b)
and the Hg4-UG (c) daguerreotype samples. It is important to note that, although
the angle dependence results from the different nature of the modes supported by
the nanoparticles, their wavelengths, as well as the scattering intensity, depend on
the actual size of the nanoparticle. Indeed, examining Figures 3.3(a)-(c), we observe
that the Hg4-UG sample, which has larger average particle sizes, displays larger and
broader peaks, as well as an overall redshift, when compared to the Hg1-UG sample.
The variation of color hue with viewing angle also occurs for gilded daguerreotypes,
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Figure 3.3: Viewing angle dependence of the daguerreotype image. (a) Calculated
scattering intensities for 0◦ , 30◦ , 60◦ , and 80◦ viewing angles for the Hg1-UG (solid
curves) and Hg4-UG (dashed curves) samples. (b),(c) Microscope images of the
surface of the Hg1-UG and Hg4-UG samples taken at the angles of panel (a). (d)(f) Same as (a)-(c), but for gilded samples. (g) Photographs of the entire Hg1/4-G
sample taken at different angles. The left part of the plate corresponds to the Hg1-G
sample, while the Hg4-G sample is located on the right. (h),(i) HA-SEM images
of the structures in model ungilded and gilded daguerreotype samples, respectively.
The scale bars represent 500 nm. The schematics on the left of the SEM images
describe the geometry used to model the response of the nanostructures. (j) Baalbec,
1844. Petit et Grand Temple, Girault de Prangey, Bibliothèque nationale de France
(ark:/12148/btv1b6903484v). (k) Ramesseum, Thebes, 1844. Girault de Prangey,
The Metropolitan Museum of Art (2016.604).
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as shown in Figures 3.3(d)-(f). These samples, as discussed above, underwent an extra
step in which a thin gold/silver film was created on their surface. We modeled them
by adding a shell made of a 90% gold - 10% silver alloy, which coats the silver-mercury
particle [102, 99], as shown in the schematics below panels (a) and (d). The thickness
of this shell was taken from the difference of the average diameters measured for
the gilded and ungilded samples. In addition to the shell layer, the substrate for
the gilded samples was also modeled using the same gold-silver alloy instead of pure
silver. This model was used for the angle-dependent scattering calculations shown in
Figure 3.3(d). The solid and dashed curves correspond, respectively, to the Hg1-G and
the Hg4-G samples. The results of our modeling show that the gilding process leads
to an overall redshift of the spectra, as expected from the smaller plasma frequency
and interband transition threshold of gold as compared with silver, but it does not
alter the angle dependence discussed previously for the ungilded samples. The spectra
still contain two modes: one at lower wavelengths, in this case near 500 nm, which
primarily radiates in the vertical direction, and another at larger wavelengths, which
radiates at high angles. This clearly explains the angle-dependent color hue of the
gilded daguerreotypes seen in panels (e) and (f), as well as in panel (g), which displays
photographs of the entire Hg1/4-G daguerreotype plate taken at the different viewing
angles.
Daguerreotypes were gilded to give images greater contrast, as well as a desirable
warmer tone. Nineteenth-century daguerreotypists assumed the gold layer also
protected the images against damage. Comparison between the particles in the highdensity regions of ungilded and gilded samples using HA-SEM (Figures 3.3(h) and (i))
shows an increase in surface roughness and average image particle size in the gilded
samples. Figures3.3(j) and (k) show examples of an ungilded and a gilded historical
daguerreotype, both created in 1844 by French daguerreotypist Joseph-Philibert
Girault de Prangey (1804-1892). During his travels throughout Europe and the
Middle East in the early 1840s, de Prangey created over a thousand daguerreotypes.
His work comprises some of the first recorded photographs of cultural monuments
and historical sites. While the majority of these plates were gilded, many were left
ungilded, and the distinct visual appearances can be readily apparent [114]. Although
conditions of plate creation, storage, and treatment histories are not known, a few
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characteristics are clear; while both plates show solarization, the tone of the solarized
regions in the ungilded plate is a gray-blue, whereas the gilded daguerreotype solarized
regions have a blue-green tone, along with a higher contrast between shadows and
highlights. This is consistent with the redshift of the scattering peaks caused by
the gold layer described above. Furthermore, ungilded image particles can be easily
removed with the swipe of a finger while, in gilded plates, the image particles are
surrounded with a nanoscale layer of gold [98], effectively ‘glueing’ them to the mirror
surface.

3.4

Effect of Particle Morphology

The surface of a daguerreotype can contain a broad range of particles sizes and
morphologies, with no two daguerreotypes being the same. This range is highlighted
by the HA-SEM images shown in Figures 3.3(h) and (i), as well as the histograms in
Figure 3.1(d). So far, we have modeled the response of the different samples using
the simplest morphology, a hemisphere, with dimensions matching averaged values
obtained in the measurements, and assumed the particles to be made of a 70% silver
- 30% mercury alloy. However, the optical response of any daguerreotype results
from a collective response of many particles, so it is important to understand how
the variation of the different parameters, including size, shape, and composition,
impacts the scattering spectrum of the particle. In Figure 3.4(a), we investigated
the effect of material composition by calculating the scattering intensity of particles
with d = 116 nm and h = 98 nm, made of silver-mercury alloys with different
ratios, as indicated in the legend. As the silver content grows, and consequently
the mercury content decreases, the two peaks in the scattering spectrum increase in
height and become narrower. This is explained by the smaller absorption losses of
silver, compared with mercury, in the range of wavelengths under study, as can be seen
by examining the imaginary part of their dielectric functions (see inset on the left).
Importantly, despite these changes, the overall behavior of the scattering spectrum
remains almost unchanged. The effect of the morphology is studied in Figure 3.4(b)
through the analysis of the response of particles with different heights, h, but constant
diameter, d = 116 nm. The variation of h affects primarily the vertical dipole mode:
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as it is reduced, this mode blueshifts and eventually merges with the horizontal dipole
mode. At the same time, the intensity of the whole scattering spectrum, which is
proportional to the volume of the particle [80], is reduced.
A key geometric characteristic that gives this system its unique features is the
conductive contact between the particle and the substrate. In Figure 3.4(c), we
analyzed the effect of changing the contact area by modeling particles with d = 116 nm
and h = 98 nm, and different levels of penetration into the substrate, s, as shown in
the inset. We observed that, as s increases, i.e., as the particle moves out of the
surface, both peaks in the scattering spectrum redshift. This can be attributed to the
increase in volume, which also produces a broadening of the peaks due to the increase
of the radiative losses [80]. As expected, these effects are more pronounced for the
vertical dipole mode, since, due to its nature, its optical properties depend directly
on the total height and the contact area. The final aspect we analyzed was the effect
of the overall dimensions of the nanoparticle. Figure 3.4(d) shows the scattering
intensity for particles with different d and h, as indicated in the inset. The results are
consistent with the previous analysis: as the dimensions of the nanoparticle increase,
the scattering spectra experience an overall redshift and the peaks become broader.
We conclude that, while the particle composition does not significantly alter the
response of the nanoparticle, its morphology and size do have a strong impact on
the scattering spectrum. An increase in the average dimensions of the nanoparticles
in a daguerreotype image would generally have two key optical effects: first, as the
horizontal mode becomes more broadband, the image would appear whiter. Second,
as the vertical mode shifts outside of the visible range, it would no longer contribute
to the optical response of the daguerreotype, thus diminishing the angle-dependent
color effect of the image.

3.5

Conclusions

We have performed a comprehensive analysis of the plasmonic mechanisms that give
rise to the optical response of daguerreotypes employing a unique combination of expertise, including nanoscale surface analysis, daguerreotype artistry, and electromagnetic simulations. These early photographs, which can be recast as the first example
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of plasmonic color printing, can display a wide variety of visual effects that depend
on the particular aspects of the plate preparation and exposure processes. However,
despite the large range of sizes, morphologies, and even material composition of the
nanostructures that are formed on the surface of a daguerreotype, we have identified
general features that explain the main characteristics of the optical response of these
artworks. In particular, we have found that the nanostructures on the surface support
two primary resonances: a transversal dipole mode on the blue side of the spectrum
and a vertical dipole mode on the red side. Due to their nature, the first mode radiates predominantly in the vertical direction, while the second one does so at large
angles. The interplay between these two behaviors explains the angle-dependent color
hue observed in daguerreotypes. Furthermore, we provide a rational explanation for
the effect of ‘gilding’ in the response of the daguerreotype. This process, in which
a thin gold layer is added to the plate, results in an overall redshift in the spectra
due to the smaller plasma frequency and interband transition threshold of gold as
compared with silver, but the angle-dependent behavior is maintained. Our results
provide a solid background to understand how the optical response of daguerreotypes
emerges from the plasmonic properties of the nanoparticles formed on their surface,
and therefore serve to inform the development of preservation protocols, as well as to
provide new routes and paradigms for advancing plasmonic color printing technology.

Chapter 4
TiN Nanoparticles for
Plasmon-Enhanced
Photochemistry∗
4.1

Introduction

As we discussed in Chapter 1, plasmonic nanostructures are capable of acting
as efficient hot carriers donors, leading to a significant interest for their use in
photocatalysis. The majority of these research efforts have been focused on the use
of noble metals such as gold and silver [115, 48, 40, 116, 117, 118]. These traditional
plasmonic materials are chosen because they support strong plasmonic resonances in
the visible range of the spectrum [4]. However, due to their scarcity, and consequently
high cost, the use of these materials lacks the sustainability required for large-scale
industrial applications. Furthermore, these materials usually show poor long-term
stability in the type of environments found in many industrial settings [119]. This
is particularly true in oxidative (for silver) or high temperature (for gold and silver)
environments, where the particles are likely to reshape, leading to a change in the
∗

This Chapter is based on the research published in A. Beierle, P. Gieri, H. Pan, M. D. Heagy,
A. Manjavacas, and S. Chowdhury, Titanium nitride nanoparticles for the efficient photocatalysis of
bicarbonate into formate, Sol. Energy Mater. Sol. Cells, vol. 200, p. 109967, (2019).
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plasmon resonance frequency, or to oxidize away entirely.
These limitations have prompted a global search for alternative plasmonic materials. Recent works have shown, for instance, that aluminum nanoparticles under laser illumination can be used to dissociate hydrogen [120]. Other interesting candidates that have been proposed are metal nitrides such as TiN and ZrN
[121, 122, 123, 124, 125, 126, 127, 128, 129, 130]. In particular, TiN nanostructures have been shown to support strong surface plasmons, with broad resonances
overlapping most of the visible spectrum [122, 131]. Furthermore, for the same dimensions, TiN nanostructures show larger integrated absorption cross sections than
gold or silver particles, allowing for significantly higher solar photocatalytic efficiencies [121, 132, 133]. TiN also has its Fermi energy aligned with that of the commonly
used photocatalytic semiconductor TiO2 [125]. Therefore, unlike gold or silver, which
form Schottky interfaces with TiO2 , TiN forms an Ohmic interface, thus facilitating the transfer of hot electrons [134, 128]. In addition to its plasmonic properties,
TiN also has a much higher melting temperature than silver or gold, which results in
a better long-term stability, and enables its use in applications requiring high temperature environments [135, 136, 137, 138]. TiN is also significantly cheaper than
gold or silver, which makes it more sustainable than traditional plasmonic materials [122, 123]. For all of these reasons, TiN nanostructures are being investigated
with the objective of using them to enhance a number of photocatalytic reactions
[139, 140, 141, 128, 142, 129, 143].
One reaction of particular interest that can benefit from this enhancement is
the production of formic acid [144]. This chemical is in high demand for its use in
hydrogen storage [145] and as a preservative in a significant number of industries
[144]. In addition to this, formic acid is a commonly used intermediate species for the
synthesis of many valuable chemicals, such as methanol [144, 146]. Unfortunately, the
high reduction potential required in the production of these chemicals makes necessary
the use of semiconductor photocatalysts with large bandgap, such as TiO2 , ZnO, and
ZnS [147, 148]. However, these materials are only capable of absorbing photons in
the UV/near-UV range, which hinders the possibility of efficiently utilizing solar light
to drive these reactions, since much of the solar spectrum lies below the bandgap
[122, 124]. Previous work has shown that, by incorporating traditional plasmonic
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materials, such as gold, into the TiO2 photocatalyst, a significant enhancement of
the reduction rate of bicarbonate to formate, the anion derived from formic acid, can
be achieved [117]. However, as discussed previously, due to the limitations of those
materials, it is important to explore alternative plasmonic photocatalysts, such as
TiN, that could enhance this reaction.
In this chapter, we investigate the use of TiN nanostructures for the enhancement
of the photocatalytic reduction of bicarbonate into formate. We show that the formate
production rate achieved using TiO2 nanostructures, under solar light, is enhanced
by six times with the addition of TiN nanoparticles. Importantly, we find that
even TiN nanoparticles alone, i.e., without the TiO2 nanostructures, also achieve
a significant enhancement of the production rate. Additionally, we investigate the
chemical stability of TiN for this experiment, showing that the nanoparticles do not
show appreciable degradation during the reaction. Our results shed light into the use
of TiN nanoparticles for plasmon-enhanced photocatalysis.
All of the experimental work presented in this Chapter was performed by the
group of Prof. Chowdhury at the New Mexico Institute of Mining and Technology.

4.2

Reaction of Interest

The photocatalytic process under investigation is depicted in Figure 4.1(a). Simulated
solar light is used to excite surface plasmons in the TiN nanoparticles, which, upon
decaying, produce hot carriers that are transferred to the conduction band of the TiO2
nanoparticles. This transfer is facilitated by the Ohmic interface formed between
TiN and TiO2 , which is illustrated in Figure 4.1(b), and has been experimentally
characterized in previous works [128]. This Ohmic interface also enables the use of
the carriers generated through direct photon absorption from interband transitions in
TiN [124, 128], as well as those generated from transitions between the valence and
conduction bands of TiO2 by photons in the UV part of solar spectrum that have
energies above the TiO2 band gap.
The hot carriers in the conduction band of TiO2 are then injected into the
reactants to accomplish the reduction of bicarbonate to formate. This is aided
by the approximate alignment of the conduction band of TiO2 with the reduction
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Figure 4.1: Reaction of interest and photocatalyst TEM. (a) Schematic for the
−
photocatalytic reduction of bicarbonate (HCO−
3 ) into formate (HCO2 ). (b) Energy
level diagrams for hot electron transfer in the reaction of interest. (c)-(e) TEM images
of the TiN, TiO2 , and TiN/TiO2 composite photocatalysts.
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energy level of bicarbonate [149, 150, 151], as well as by the presence of glycerol,
which acts as an efficient hole scavenger and produces the protons required for
the bicarbonate reduction. The use of a hole scavenger is crucial to ensure the
nanoparticles remain electrically neutral, thus allowing for a continuous flow of
electrons from the photocatalyst to the bicarbonate. The efficiency of glycerol as
a hole scavenger for the photoreduction of bicarbonate to formic acid on TiO2 , which
has been demonstrated in the past [147], is related to the fact that it contains one
secondary and two primary alcohol groups, all of which constitute potential sites
for oxidation that enhance their hole scavenging activity. This is consistent with
density functional theory-based theoretical calculations that have also established
glycerol as a more efficient hole scavenger for TiO2 than other organic solvents like
tert-butanol, 2-propanol, methanol, and formic acid [152]. It is worth noting that
efficient hole scavenging from both TiO2 and TiN is also important for preventing
charge recombination.
The primary reactions of the photochemical process under study are as follows
[151]:
+
−
TiO2 (2e− ) + HCO−
3 + 2H → TiO2 + HCO2 + H2 O,

(4.1)

TiO2 (h+ ) + C3 H8 O3 → TiO2 + Oxidized products + H+ ,

(4.2)

while two important secondary reactions are:
TiO2 (h+ ) + H2 O → TiO2 + H+ + • OH,

(4.3)

−
•
•
HCO−
3 + OH → CO3 + H2 O.

(4.4)

−
In reaction (4.1), the bicarbonate (HCO−
3 ) is reduced to formate (HCO2 ) and water
by the electrons in the conduction band of TiO2 . At the same time, in reaction
(4.2), glycerol (C3 H8 O3 ) scavenges the holes from the valence band of TiO2 to
produce different oxidized products and the protons necessary for reaction (4.1).
Upon oxidation, glycerol is likely first dehydrogenated to glyceraldehyde and 1,3dihydroxyacetone, which, subsequently, can be further oxidized by hot holes with
water to produce hydroacetic and formic acid through C-C bond cleavage [153, 154].
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It is important to note that the contribution of formate arising from glycerol oxidation
is usually negligible in comparison to the bicarbonate reduction reaction [117].
Happening in parallel to the primary reactions, there are two important secondary
reactions. In reaction (4.3), water reacts with any hot holes left in the photocatalyst,
producing protons and hydroxyl radicals. The latter can lead to reaction (4.4), in
which bicarbonate reacts with hydroxyl radicals, and therefore competes with the
primary reaction (4.1). In the absence of hole scavengers, the amount of hydroxyl
radicals from the photooxidation of water is directly proportional to the concentration
of bicarbonate in solution [151]. However, thanks to the use of glycerol, which
eliminates the holes and hydroxyl radicals, we can limit this competing reaction,
thus improving the production of formate.

4.3

Photocatalyst Characterization

In order to investigate the enhancement of the photocatalytic production of formate
provided by TiN nanoparticles, we perform experiments for three different nanocatalysts: (i) TiO2 nanoparticles, (ii) TiN nanoparticles, and (iii) an even mixture of
TiN/TiO2 nanoparticles. TEM images of each of these composites are shown in Figures 4.1(c)-(e), respectively. The TiO2 and TiN nanoparticles have average diameters
of 21 and 20 nm, respectively, with the TiN structures displaying a 1-2 nm amorphous
TiO2 shell (see Figure 4.4). The TiO2 particles are made mostly of anatase phase
(80%) with the rest being rutile phase (20%) (for more details see Beierle, Gieri, et.
al. [155]). For the photocatalysis experiments, the TiO2 and TiN nanoparticles are
deposited onto a glass Petri dish by spin coating a catalyst solution of concentration
of 10 mg/mL. After deposition, the particles tend to aggregate and form conglomerates with sizes between 50 and a few hundreds nanometers, as can be seen in the
TEM images shown in Figures 4.1(c)-(e).
The photocatalytic reaction is driven by the absorption of solar light, which is
dominated by the TiN nanoparticles because TiO2 only absorbs photons with energies
above its bandgap (≈ 3.2 eV). Therefore, it is important to analyze the absorption
characteristics of the TiN nanostructures. To that end, we measure the absorbance of
these nanostructures in solution using UV-Vis spectroscopy, and compare those results

48

CHAPTER 4.

Absorption (arb. u.)

(a)
Experiment

1.6
1.4
1.0
0.6
0.4

Absorbed Power (arb. u.)

Integrated Absorbed
Power (arb. u.)

(b)

Ag

400

500

600

Au

700

Wavelength (nm)

TiN

800

900

Figure 4.2: Titanium nitride absorption and comparison with noble metal solar
absorption. (a) Experimentally measured (dashed curve) and theoretically calculated
absorption spectra for different TiN nanoparticles in water (solid curves). The black
curve stands for the results obtained for a spherical TiN nanoparticle with 20 nm
diameter, including a 2 nm TiO2 shell. To account for the dispersion of sizes and
shapes in the experiment, we model four different ellipsoidal core-shell nanostructures,
as indicated in the legend. All of these structures have the same core volume of TiN
as the spherical particle with a 2 nm TiO2 shell, and their geometry is characterized
by the parameter η, which represents the ratio between the diameters along the
vertical and horizontal axes. (b) Absorbed power spectrum calculated for spherical
nanoparticles with 20 nm diameter made of silver (black curve), gold (red curve),
and TiN (green curve), placed in water, when illuminated with the AM 1.5 solar
spectrum. The inset shows the integrated power absorbed for each nanoparticle over
the wavelength range from 320 to 900 nm.
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to theoretical calculations shown in 4.2(a). The black dashed curve represents the
experimentally measured absorbance, while the black solid curve corresponds to the
calculations for a spherical TiN nanoparticle with a total diameter of 20 nm, including
a 2 nm TiO2 shell, calculated using Mie theory. The results of these calculations are
in good agreement with the experimental measurements. In particular, both spectra
display an absorption band centered around 750 nm that extends over a significant
portion of the visible spectrum, thus making these structures ideal for harvesting solar
light. As expected, the nanoparticle also display a strong absorption below 450 nm,
which is associated with interband transitions.
That said, we observe that the experimental spectrum has a much broader absorption band than the theoretical calculations, and, at large wavelengths, it displays
a second absorption peak. We attribute these differences to the dispersion in the morphology of the nanoparticles measured in the experiment [156, 157]. To confirm our
hypothesis, we perform additional calculations, using a finite element method (FEM)
solver (see Appendix A), for four different ellipsoidal core-shell nanostructures, all of
them with the same core volume of TiN as the spherical nanoparticle analyzed above
and a 2 nm TiO2 shell. The geometry of these nanostructures is characterized by the
parameter η, which represents the ratio between the vertical and the horizontal diameters. Therefore systems with η > 1 are prolate ellipsoids, while those with η < 1
are oblate. Examining these results, we observe that for the prolate particles (yellow
and red curves), the absorption band decreases in strength and becomes broader. On
the other hand, for the oblate particles (green and blue curves), there is an overall
redshift, which for η = 0.4 results in a resonance that lines up with the secondary
peak seen in the experimental absorbance. This analysis shows that changes on the
particle morphology lead to modifications in the absorption spectra that can explain
the differences found between the experimental and the theoretical results.
It is very illustrative to compare the absorption performance of the TiN nanoparticles with that of similar nanostructures made of conventional plasmonic materials,
such as gold and silver. To that end, in Figure 4.2(b), we plot the absorbed power
spectrum for spherical nanoparticles with 20 nm diameter made of silver (black curve),
gold (red curve), and TiN (green curve), placed in water, when illuminated with the
standard AM 1.5 solar spectrum. In this case, to ensure a fair comparison, we do

CHAPTER 4.

50

not consider a TiO2 shell on the TiN nanoparticles. Examining these results, we observe that the absorption peak, associated with the plasmon resonance, of gold, and
especially silver, nanoparticles is significantly stronger than that of the TiN nanoparticle. However, these resonances are much narrower and therefore they may lead to
a smaller integrated absorption. This is confirmed in the inset, where we plot the
absorbed power integrated over the wavelength range from 320 to 900 nm. Despite
having significantly smaller peak absorption than either silver or gold, the broad response of TiN leads to a larger overall absorption efficiency, which is crucial for any
application utilizing solar light.

4.4

Photocatalyst Performance and Stability

In order to analyze the production of formate for each of the three photocatalysts
under investigation (TiO2 , TiN, and TiN/TiO2 composites), we submerse the reactors
loaded with the photocatalysts in a buffer solution containing 3M glycerol and 0.2M
bicarbonate prepared with ultrapure water. The particle concentration on the reactor
is approximately 200 particles/µm2 . The photocatalytic reaction is run for a period
of 8 hours under isothermal conditions at 22◦ C. For the light source, we use an AM
1.5 solar simulator. The concentration of formate in solution is measured using ion
chromatography. The corresponding results throughout the 8 hours of reaction time
are shown in Figure 4.3(a) for the three photocatalyst under investigation. Clearly,
the largest formate production is obtained for the TiN/TiO2 composite, while the
minimum corresponds to the TiO2 nanoparticles alone. The formate production rate
is plotted in panel (b). We find that TiO2 nanoparticles alone have a productivity
of approximate 1035 mmol/hr per gram of photocatalyst, while for the TiN/TiO2
nanocomposite we obtain approximate 3080 mmol/hr/g. These values correspond
to an absolute productivity of 0.834 × 10−2 mmol/hr and 2.609 × 10−2 mmol/hr,
respectively. However, we need to remark that for the TiN/TiO2 composite, the total
particle loading is the same as for the TiO2 nanoparticles alone, meaning that the
amount of TiN and TiO2 in the composite photocatalyst is exactly half. Therefore,
we conclude that the addition of TiN nanoparticles enhances the formate production
rate of TiO2 nanoparticles alone by a factor of ≈ 6. Importantly, TiN nanoparticles
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Figure 4.3: Photocatalyst Productivity. (a) Formate production measured as a
function of time for the TiO2 , TiN, and TiN/TiO2 composite photocatalysts, under
simulated solar light at constant 22◦ C temperature. (b) Formate productivity per
hour for each photocatalyst. (c) Formate production as a function of time in the dark
at 40◦ C.
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alone also enhance the formate production, resulting in a rate ≈ 2 times higher than
that of TiO2 nanoparticles alone. This could be facilitated by the 1-2 nm thick layer
of TiO2 present on the surface of the TiN nanoparticles [158]. It should be noted as
well that the productivity of TiN/TiO2 composite is more than the simple average of
the productivity of TiN and TiO2 .
The experimental results confirm that the TiN nanoparticles enhance the efficiency
of the photocatalytic production of formate. However, it is crucial to determine if this
enhancement is produced by the hot carriers provided by the TiN nanoparticles, or
if it is caused just by an increase of their temperature. As previously discussed,
TiN nanoparticles exhibit a large absorption under solar light, and, despite the
solution being kept under isothermal conditions, it is possible that the nanoparticles
are at a higher temperature than the solution. Indeed, previous works have shown
that thermal energy from optically excited plasmons can be used to drive reactions
[40, 126, 128]. In our particular case, we estimate the temperature of the nanoparticle
following the approach of [44], from the balance between the integrated power that
it absorbs, which is calculated in 4.2(b), and the energy transfer to water through
contact. We obtain a negligible temperature increase, mainly because the relatively
small power of the solar illumination (≈ 1 kW/m2 ), as well as the large thermal
conductivity of water.
To confirm that thermal effects do not cause the enhancement of the reaction, we
perform a control experiment in the dark with the solution kept at a temperature
of 40◦ C. The results of this experiment, which is done for all three photocatalysts,
are shown in Figure 4.3(c). We find that, under these conditions, the production of
formate when TiN nanoparticles are present is an order of magnitude smaller than
under solar irradiance.
Any large-scale use of the enhancement of the photocatalytic production of
formate provided by TiN nanoparticles would require these nanostructures to remain
stable after the reaction. In principle, it is well known that TiN has a high melting
temperature, well above that of gold or silver. However, it is also important to
confirm that the nanoparticles remain oxidatively stable during the reaction, since any
increase in the native oxide layer thickness would lead to a decrease in the size of the
TiN core, and therefore to a redshift in the plasmon resonance as well as a decrease in
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Figure 4.4: Titanium nidtride photocatalyst stability. (a,b) HRTEM images of a TiN
photocatalyst before (a) and after (b) 8 hours of isothermal photocatalytic reaction
at 22◦ C, under solar light. In both cases, the red curve indicates the approximate
interface between the TiN core and the TiO2 shell. (c) X-ray diffractogram of a TiN
photocatalyst before and after reaction.
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the overall absorption. To check the stability of the TiN photocatalysts, we recovered
them from the reactor after 8 hours of isothermal photocatalytic reaction at 22◦ C,
under solar light, and washed them to get rid of the reaction components. Then, we
examined the morphology of the oxide layer on the surface of the TiN nanoparticles
using HRTEM images of the nanoparticles taken before and after the reaction, which
are shown in Figures 4.4(a) and (b), respectively. These images confirm that the
oxide layer remains of the same thickness. Furthermore, we compared the X-ray
diffractogram of the nanoparticles before and after being used. As can be seen from
the corresponding results plotted in Figure 4.4(c), the TiN mostly shows the rock-salt
crystal structure of osbornite, thus confirming that its structure remains stable under
reaction conditions. It is worth noting, as well, that we do not observe any decrease in
the photocatalytic performance of the nanostructures over the course of the reaction
in any of the experiments performed, which further supports the stability of the TiN
nanostructures.

4.5

Conclusions

In summary, we have shown that TiN nanoparticles can serve as an efficient photocatalyst for the reduction of bicarbonate into formate under solar illumination. The
main reasons behind this enhancement are (i) the broad plasmonic resonances that
TiN nanoparticles support, which allows for an efficient utilization of the whole solar
spectrum, and (ii) the Ohmic interface they form with the commonly used photocatalyst TiO2 , which allows for an efficient transfer of the plasmon-induced hot carriers
to the reactants. Indeed, our results suggest that TiN could be also used to improve
the performance of other semiconductor photocatalysts such as ZnO, CdS, or Fe2 O3 .
In addition, we have shown that the TiN nanoparticles remain stable during the
photocatalytic reaction. The results of this work improve our understanding of the
photocatalytic properties of TiN nanoparticles arising from their plasmonic response,
and therefore serve to pave the way to develop efficient and sustainable photocatalysts
for real-world applications.

Conclusions
The research discussed in this thesis focused on understanding different aspects of
the interaction between light and nanostructures.
In Chapter 2, we have theoretically analyzed the scattering response of single
nanorods of varied width and aspect ratios placed directly on a metallic substrate. To
that end, we have employed rigorous numerical solutions of Maxwell’s equations and
compare their outcome against dark field microscope measurements. We have found
that the scattering spectra of the nanorods are dominated by a single charge transfer
plasmon mode. In contrast with the case of a dielectric substrate, the properties
of this mode are only weakly affected by the nanorod morphology, although they
strongly depend on the geometry of the junction area between the metallic substrate
and the nanorod. The results presented in this chapter not only serve to increase our
understanding of particle-substrate interactions, but also provide a platform for the
design of systems that are robust against the variation in particle dimensions.
In Chapter 3, we have studied how the plasmons supported by the nanoparticles
on the surface of daguerreotypes contribute to the formation of their image. Through
an extensive investigation of the particle geometry using high angle scanning electron
microscopy, we have been able to determine the distribution of particle sizes and
shapes. Using that information, we have modeled the scattering response of a
single representative nanoparticles and demonstrated that the interplay between the
scattering of these nanoparticles and the specular reflection from the metallic plate
they are formed on is directly responsible for the formation of the image. Furthermore,
we have found that these systems support two primary scattering modes with differing
radiation patterns. This behavior gives daguerreotypes their angle-dependent hue,
a property that has long been observed but never previously understood. The
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results of this chapter provide a valuable understanding of the optical properties of
daguerroetypes, which is crucial for the development of preservation protocols needed
to protect these historic works of art. Furthermore, our results serve to inform the
development of novel plasmonic color printing techniques.
In Chapter 4, we have investigated the use of TiN nanoparticles as platforms for
the plasmon-enhanced photocatalytic reduction of bicarbonate into formate. Through
a combination of experimental and theoretical techniques, we have demonstrated
that TiN nanoparticles can be used as an efficient photocatalyst for this reaction,
both alone and combined with the commonly used photocatalyst TiO2 . In addition,
we have compared the absorption of TiN nanoparticles with that of similarly sized
nanostructures made of common plasmonic materials, gold and silver. We have found
that, as a result of its broad absorption spectrum, TiN nanoparticles provide a larger
total integrated absorption under solar illumination. The results of this chapter
demonstrate that TiN nanoparticles are not only an efficient solar absorber and hot
electron donor, but are also ideal for industrial photocatalysis applications due to their
larger stability and significantly lower cost than either gold or silver nanoparticles.
In conclusion, we have explored the plasmonic response of metallic nanostructures
of multiple geometries and materials. We believe that the results of this work can
provide a greater fundamental understanding of the plasmonic properties of these
structures, as well as influence the design of future devices that can exploit such
structures to achieve novel applications.

Appendix A
Finite Element Method
A.1

General Description

In physics, the laws of nature are written using mathematics and often consist of
a set of partial differential equations. In particular, the interaction between matter
and light is described by Maxwell’s equations. Unfortunately, for most systems of
interest, these governing equations cannot be solved directly by employing analytical
techniques. Instead, numerical methods are required to obtain solutions. These
methods involve discretizing the system in a way that the governing differential
equations are transformed into algebraic expressions, which can be solved using wellknown algebra techniques. The finite element method (FEM), used in this thesis,
is one such numerical method that is commonly used when modeling systems with
complex geometries and multiple materials.
FEM relies on first converting the governing differential equations into their
integral form, also known as their weak formulation. This is done by multiplying the
differential equation by a test function and integrating by parts. This formulation is
called ‘weak’ due to the reduction of the degree of the derivatives in the equations,
which results in a reduction of the continuity requirements for solving them. Once
in their integral forms, the system and its governing equations are discretized into
a number of finite elements. For three dimensional systems, this is done through
both the implementation of a mesh on the system, which discretizes their geometry,
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and the transformation of the equations into a series of finite sums of known basis
functions. This simultaneous discretization of geometry and governing equations
allows the system to be transformed into a set of matrix equations that are solved
numerically at the nodes of each finite element.
An important aspect of FEM is that it requires the discretization of the entire
space of the problem. However, in many cases the problem of interest does not
include well-defined outer boundaries. This is particularly true when studying finite
structures, which are placed in an infinitely extending space. For these types of
systems, it is necessary to implement proper boundary conditions that effectively
truncate the space used to model the system. In the case of light-matter interactions,
this is commonly accomplished by using boundaries that effectively absorb all of the
electromagnetic fields incident on them.

A.2

Comsol Multiphysics

COMSOL Multiphysics is a commercially available FEM solver, which, when using the
Electromagnetic Waves, Frequency Domain module, allows to obtain full solutions to
Maxwell’s equations for complex geometries. The structures can be discretized using
a nonuniform mesh, in which the regions with weaker fields can use a more coarse
mesh, while those that have stronger fields employ a finer mesh, thus allowing for a
significant optimization of both the computational time and cost required to obtain
the solutions.
COMSOL Multiphysics has a number of useful aspects, which makes it an ideal
choice for obtaining the solution to a variety of systems. Foremost, the weak
formulations of the governing equations are built in to the modules along with the
proper choice of basis functions needed to discretize them. In addition, COMSOL
uses a computer aided drafting interface, which makes it possible to quickly construct,
visualize, and mesh systems that incorporate complex geometries. COMSOL also
includes built-in boundary conditions that allow for the truncation of infinite systems.
In this thesis, we employ a combination of what are known as perfectly matched layers
(PML), scattering boundaries, and periodic boundaries depending on the needs of the
particular system being studied.
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Perfectly matched layers consist of domains with a dielectric function that
increases towards the edge of the space. This allows for near-perfect absorption
and stops reflections back into the simulation space, which would otherwise affect the
solutions of the problem. This type of boundary domain is ideal for systems in which
the wavevectors are non-normal to the edge of the simulation boundary. However,
depending on the required thickness to obtain converged solutions, the use of PML
domains can significantly increase the computational cost of the model.
Scattering boundaries function in a similar fashion to the PML domains in that
they attempt to minimize reflections through the absorption of all incident radiation.
Unlike PMLs, scattering boundaries tend to work poorly when the incident radiation
is non-normal. For problems where the radiation is expected to be normal to the
boundary, such as the scattering from spherical nanoparticles, the use of this type of
boundary can significantly reduce the computational cost compared to PML domains.
However, for some systems, the use of this type of boundary requires a larger
simulation domain than would be required with a PML, resulting in a decrease in
the computational efficiency of the model. It is also possible to employ scattering
boundaries at the outer boundaries of PML domains. This allows for PML domains
of smaller thickness and coarser mesh than would otherwise be required and is the
method that is employed in many of the calculations performed in this work.
Periodic boundary conditions can be used to periodically extend the system
infinitely, thus allowing for an easy simulation of arrays that would otherwise not
be computationally feasible. Furthermore, boundaries of this sort can be used to
simulate infinite substrates. This use will be covered in more depth later in this
Appendix.
In addition to the domain truncation methods outlined above, it is often useful to
exploit the symmetry of the problems using Perfect Magnetic Conductor and Perfect
Electric Conductor boundaries, which effectively reflect the geometry and associated
fields, thus allowing for a significant reduction in the computational cost of the model.
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A.2.1

Single Particle Far-Field Calculations

We employ COMSOL Multiphysics in Chapter 4 to solve for the absorption crosssections of ellipsoidal core-shell nanostructures placed in water. The cores are made
of TiN, while the material of the conformal shell is TiO2 , as can be seen in the
inset of Figure 4.2(a). The dielectric function of the two materials is taken from
tabulated data from [121] and [159], respectively. The geometry of these particles is
characterized by the parameter η, which represents the ratio between their diameters
along the vertical and horizontal axes. In all cases, we maintain a constant TiN core
volume in order to obtain comparable absorption cross-sections.
The absorption cross-sections are calculated by integrating the total power dissipated on the particle and dividing it by the input plane wave intensity. In order to
account for the random orientation of the particles in the water solution, we separately calculate the absorption for incident plane waves along all possible incidence
directions and compute their average.
To truncate the simulation space in these models, we employ PML boundary
domains that are wrapped by scattering boundaries.

A.2.2

Particle-Substrate Calculations

In Chapters 2 and 3, we use COMSOL Multiphysics to calculate the scattering from
nanoparticles on different substrates.
For these calculations, we employ a two step model. The first step of the
model calculates the fields resulting from the reflection and refraction of the infinite
substrate. In this step, the particle is modeled as vacuum, while the substrate is
extended infinitely using periodic boundaries. The second step of the calculations use
the field computed in the first step as input to calculate the field scattered by the
particle. In these models, the simulation space is truncated using PML domains.
In Chapter 2, the nanoparticles are built from the overlap of a rounded nanorod
and a rectangular parallelepiped, as can be seen in Figure A.1. The dielectric function
of gold is taken from tabulated data [76], while, for silica, we used a constant dielectric
function ε = 2.1 [160].
To model the dark-field response, we compute the scattering intensity by inte-
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Figure A.1: Schematics for the geometry used in the FEM calculations. The system
consists of a gold nanorod of length L and width w, terminated in the lateral sides by
four facets of width wf , which is deposited on a substrate. We have investigated three
different situations: (i) the nanorod is in direct contact with a silica substrate, (ii) the
nanorod is in direct contact with a gold substrate, and (iii) the nanorod is separated
from a gold substrate by a spacer of thickness 1.5 nm. In the calculations shown in the
main paper, we have considered nanorods with w = 25, 40 nm, and different values
of L ranging from 58 to 148 nm. In all cases, we have chosen wf = 0.875w, except in
Figure 2.7, where the value of wf is ranged from 0.250w to 0.875w.
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grating the Poynting vector across a boundary that is formed by the intersection of
a hemisphere and a 60◦ cone placed above the nanorod. For these calculations, we
use plane waves with an incidence angle of 75◦ for P and S polarized light, propagating along both the length and width of the nanorods. We perform each of these
calculations separately and take the average to obtain the final results.
In order to reduce the computational cost of these calculations, both the gold and
silica substrates are modeled as having an infinite thickness.
In Chapter 3, the nanoparticles are modeled as axially symmetric ellipsoids with
the two primary dimensions labeled as h and d, as shown in Figure 3.2(b). We analyze
two different types of systems: gilded and ungilded. For the former, unless otherwise
specified, the material of the particles is modeled as a mixture of 70% silver and 30%
mercury. For the gilded systems, as shown in the schematics of Figure 3.3, we add a
conformal shell to the particle made of an alloy with 90% gold and 10% silver, with a
thickness chosen to match the average dimensions of the corresponding experimental
samples (≈ 30 nm). The substrate is modeled as pure silver for the ungilded systems
and as an alloy with 90% gold and 10% silver for the gilded ones.
The dielectric functions of the different materials used in the models are taken
from tabulated data. In particular, we use data from [161] for the gold-silver alloy,
[76] for silver, and [162] for mercury. The dielectric function of the silver-mercury
alloy is constructed from the silver and mercury data using the Bruggeman effective
medium theory described in Appendix B.
We use a plane wave source with an incidence angle of 45◦ for both P and S
polarized light. The scattering intensities are then calculated by integrating the
Poynting vector over a surface, which is selected for either total or angle-dependent
scattering. For total scattering, the boundary of integration is the surface of the
nanoparticle. For the angle-dependent scattering, we used a semispherical boundary,
which collects only light scattered in a 7.5◦ cone centered on the angle of interest. To
simulate the response for unpolarized light, these calculations are done separately for
both S and P polarized light and their results are averaged.

Appendix B
Bruggeman Effective Medium
Theory
In Chapter 3 we use the Bruggeman effective medium theory [113] to model the
dielectric properties of silver-mercury alloys. Within this approach, the dielectric
function εm of a medium composed by spherical inclusions of a material 1 in a matrix
of a material 2 takes the form
δ1

ε2 − εm
ε1 − εm
+ (1 − δ1 )
= 0,
ε1 + 2εm
ε2 + 2εm

where ε1 and ε2 are the dielectric functions of materials 1 and 2, respectively, and δ1
is the volume fraction of material 1. This quadratic equation admits two solutions
that can be written as
εm =

3δ1 (ε1 − ε2 ) + 2ε2 − ε1 ∓

q

(3δ1 (ε1 − ε2 ) + 2ε2 − ε1 )2 + 8ε2 ε1
4

.

The solution to this equation is chosen by checking that Im{εm } ≥ 0 for each
tabulated value of ε1 , and ε2 .
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